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C omponent positioning in total hip arthroplasty (THA) is critical to achieve optimal patient outcomes. Recent literature showed that acetabular component positioning performed with traditional techniques may be inaccurate.
1,2 Hip instability and aseptic loosening account for 40% of cases of revision hip arthroplasty, and component positioning may be directly related to these conditions. 3 Malposition of the femoral component can lead to leg length inequality and altered offset, which may result in patient dissatisfaction and potential litigation. 4 With the expected increase in primary and revision THA procedures, it is imperative to minimize component malposition. 5 Computer navigation, mechanical navigation, intraoperative radiographs, and fluoroscopy have been used to optimize component placement during THA. Robotic-assisted THA was recently introduced to Robotic-assisted total hip arthroplasty (THA) is a recent platform introduced to decrease the risk of malpositioned components. The goals of this study were to determine whether intraoperative data on robotic-assisted THA acetabular component position accurately predict postoperative radiographic acetabular component position and to determine whether intraoperative data on robotic-assisted THA leg length and offset accurately predict postoperative radiographic leg length and offset data. In 146 patients, pre-and postoperative radiographs and intraoperative component measurements were reported for acetabular inclination, anteversion, leg length change, and offset change. Component position obtained by the robotic system and radiographic data were compared with subgroup analysis for the posterior and direct anterior approaches. The average difference between groups was 3.3°±3.1° for inclination, 2.9°±2.3° for anteversion, 3.0±2.3 mm for leg length change, and 4.0±3.1 mm for change in global offset. Correlation between the robotic system and postoperative radiographs was within 10° for 95.9% of cases for inclination and 99.3% for anteversion. Posterior approach correlation was within 10° for 97.1% of cases for inclination and 100% for anteversion. Anterior approach correlation was within 10° for 92.7% of cases for inclination and 97.6% for anteversion. Intraoperative data on component position obtained from the robotic system compared well with radiographic data on component position. Surgeons must remain vigilant to ensure outliers related to robotic system malfunction do not occur. [Orthopedics. 2016; 39(3):193-199.] decrease the risk of malpositioned components. 6 Robotic-assisted THA relies on a computed tomography (CT)-based navigation system to give the surgeon feedback on component placement intraoperatively. Without further intraoperative imaging, during robotic-assisted THA, the surgeon relies on the robotic system and physical examination to determine component position. To date, minimal data are available comparing intraoperative robotic system data with postoperative radiographs. The accuracy of the robotic system in predicting component placement is essential information for surgeons who perform robotic-assisted THA.
The authors previously evaluated the predictive value of intraoperative navigation for robotic-assisted THA through a posterior approach. The roboticassisted THA system (MAKOplasty Total Hip Application; Stryker, Kalamazoo, Michigan) has since been expanded to include a direct anterior approach application. The goals of this study were to determine whether intraoperative robotic-assisted THA acetabular component position data accurately predict postoperative radiographic acetabular component position and to determine whether intraoperative robotic-assisted THA leg length and offset data accurately predict postoperative radiographic leg length and offset data.
Materials and Methods
The authors used a prospectively constructed database to review roboticassisted THA procedures performed by the senior author (B.G.D.). From June 2011 to March 2014, a total of 201 patients underwent robotic-assisted THA via a posterior approach or a direct anterior approach. Excluded from the study were 42 patients who had missing data sheets and 13 patients who had rotated postoperative anteroposterior radiographs or incomplete intraoperative data sheets. A total of 146 patients met the inclusion criteria.
All patients who were scheduled to undergo THA had a standard anteroposterior radiograph with a magnification marker obtained. For surgical planning, preoperative CT scans of the affected hip and knee were obtained. A standard preoperative template was used to determine component sizing and positioning, and this served as a comparison for a 3-dimensional computer-based model that was built from the CT scan. Before each case, the senior surgeon templated component placement with the 3-dimensional CT scan data. The roboticassisted THA procedures were performed with the MAKO robotic hip system (MAKOplasty), which is a roboticassisted computer navigation system that uses the RIO robotic arm (Robotic Arm Interactive Orthopedic System; Stryker) to ream the acetabulum and place the acetabular component. A standardized miniposterior or direct anterior operative approach was used for all THA procedures. For patients undergoing a mini-posterior approach, the hip was dislocated and a registration screw was placed in the posterior greater trochanter for femoral registration. For patients undergoing a direct anterior approach, the registration screw was placed in the anterior greater trochanter in the interval between the gluteus medius and the vastus lateralis. After femoral registration, the neck osteotomy was navigated and created. The acetabulum was then exposed and registered with 3 pins and an array in the iliac crest. The CT-based navigation system accounted for pelvic tilt and rotation, and the robotic arm was used to prepare the acetabulum and impact the acetabular component. The robotic system provided data for cup inclination and anteversion, and these data were manually recorded. The angles were calculated on the coronal (functional) plane of the body, as described by Murray. 7 The femur was then prepared for an uncemented implant. The hip was trialed for stability. The robotic system provided data on leg length and offset, and this information was manually recorded. During the study period, no acetabular components required a change in position because of stability.
In 143 cases, the acetabular implant used was the Restoris Trinity Cup (Corin Group PLC, Cirencester, England). The R3 Cup (Smith & Nephew, London, England) was used in 3 cases. The femoral stem used was the MetaFix Hip Stem (Corin Group PLC) in 111 cases and the Anthology Stem (Smith & Nephew) in 35 cases. Stem choice was based on preoperative templating to determine the best fit to the femur.
The TraumaCad software (build number 2.2.535.0; Voyant Health, PetachTikva, Israel) was used for all radiographic measurements, including leg length discrepancy, change in global offset, acetabular cup inclination, and version. Measurements were obtained in the anteroposterior pelvis view following the coronal plane of the body after calibration by a single observer. 7 TraumaCad software was previously studied and its accuracy reported. 8, 9 For leg length discrepancy measurements, the interobturator line (the line tangent to the inferior aspect of both obturator foramina) was used as a reference on the pelvis, and the most superior-medial point on both lesser trochanters was used as the reference on the femurs. Change in global offset was measured according to the technique described by Dastane et al. 10 Cup inclination and anteversion angles were measured on postoperative anteroposterior pelvis radiographs. To measure the radiographic change in leg length, leg length discrepancy was measured on preoperative and postoperative radiographs. Subtracting the preoperative leg length discrepancy from the postoperative leg length discrepancy provided the change in leg length in the operated extremity. The same principle was applied to measure radiographic change in global offset. Previous radiographic measurements were evaluated with this technique for intraobserver and interobserver reliability and showed satisfactory correlation (r>0.82, P<.001).
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The surgical approach in each case was obtained from a hip database; 105 posterior approaches and 41 direct anterior approaches were included. All cases had available cup inclination and anteversion data measured by the robotic system intraoperatively. Because the robotic system software was still under development when its use was adopted at the study institution, 13 early cases did not have intraoperative measurements of leg length change and global offset change. Measuring cup inclination and anteversion intraoperatively was possible with the first version of the software. Measuring leg length change and change in global offset became possible with later versions, allowing the authors to evaluate 133 cases with all 4 robotic measurements.
Comparison of the robotic system and postoperative radiographic measurements was performed. For the acetabular component, the robotic system and radiographs were based on the coronal plane. 12 The percentage of robotic-measured cup inclination and anteversion angles that were within 5°, within 10°, and more than 10° of radiograph-measured angles was calculated. The percentage of robotic-measured leg length change and change in global offset measurements that were within 5 mm, within 10 mm, and more than 10 mm of radiograph-measured values was calculated. The percentage of cases that showed radiograph-measured leg length change within 5 mm, within 10 mm, and more than 10 mm was reported. For acetabular component anteversion measurements, the anteroposterior pelvic radiograph has been shown to underestimate true anteversion by 4° to 5° because of beam obliquity. 13 There is a discrepancy between the robotic navigation measurement of anteversion and the anteroposterior pelvis measurement. To account for this discrepancy, the average for anteversion measurements was calculated with and without a conversion of adding 4° to the radiographic measurement. A chi-square test was used to compare the number of patients with a discrepancy of more than 10° in inclination or anteversion and a discrepancy of more than 10 mm in change in leg length and change in global offset between the posterior and direct anterior groups. The average difference between the robotic system and postoperative radiographs was calculated with standard deviations.
results
The surgical approach for all cases was obtained from a hip database. A total of 105 posterior approaches and 41 direct anterior approaches were included.
Acetabular Component Positioning
Mean, range, and standard deviation for the robotic system, radiographic measurements, and difference in acetabular inclination and anteversion are shown in Table 1 . The average difference in inclination between the robotic system and postoperative radiographs was 3.3°±3.1°. The average corrected difference in anteversion was 2.9°±2.3°. Table 2 shows this information for posterior approach and direct anterior approach THA.
The percentages of acetabular components with robotic system and radiographic measurements that were within 5°, within 10°, and more than 10° for inclination and anteversion are shown in Figure 1 . Correlation of robotic system and postoperative radiographs was within 10° for 95.9% of cases for inclination and 99.3% of cases for anteversion. Correlation with the posterior approach was within 10° for 97.1% of cases for inclination and 100% of cases for anteversion. Correlation with the anterior approach was within 10° for 92.7% of cases for inclination and 97.6% of cases for anteversion. No statistical difference was noted between the direct anterior approach and the posterior approach for the number of patients with greater than 10° anteversion or inclination.
In 1 patient who was treated with the posterior approach, deviation from robotic assistance was required. In this case, the navigation system appeared to be placing the acetabular component improperly. The robotic system was removed, and the component was placed with a freehand technique.
Leg Length Change and Offset Change
Mean, range, and standard deviation for the robotic system, radiographic measurements, and the difference in leg length and global offset are shown in Table 3 .
The average difference between the robotic system and postoperative ra- Percentages of acetabular components with differences in robotic and radiographic measurements that were within 5°, within 10°, and more than 10° for inclination and anteversion. diographs for change in leg length was 3.0±2.3 mm. The average difference for change in global offset was 4.0±3.1 mm. Table 4 shows this information for posterior approach and direct anterior approach THA.
The percentages of hips with navigation and radiographic measurements that were within 5 mm, within 10 mm, and more than 10 mm for leg length and offset are shown in Figure 2 . Correlation within 10 mm of radiographic-measured values occurred in 100% of cases for change in leg length and 96.9% of cases for change in global offset. Correlation with the posterior approach was within 10 mm for 100% of cases for leg length change and 95.5% of cases for change in global offset. Correlation with the anterior approach was within 10 mm for 100% of cases for leg length change and 100% of cases for change in global offset. In all cases, final radiographic leg length discrepancy was less than 10 mm radiographically. No statistical difference was noted between the direct anterior approach and the posterior approach for the number of patients with leg length change of more than 10 mm or change in global offset of more than 10 mm.
discussion
The current study evaluated the correlation between component position measurements obtained with a navigation system used during robotic-assisted THA and component position measurements obtained on postoperative radiographs. In general, intraoperative navigation data compared well with postoperative radiographs. Very few components were placed more than 10° or 10 mm outside of the target. However, surgeons must remain vigilant to avoid outliers as a result of navigation system malfunction. Accurate placement of acetabular components is important for hip mechanics, longterm wear, and hip stability. 3 Defining a "safe zone" for acetabular component placement is imprecise.
Wan et al
12 recommended converting all navigation and radiographic measurements to the coronal plane and making observations radiographically. Although the safe zone will continue to be debated, it is preferable to implant the acetabular component with a high degree of accuracy and precision. The robotic navigation system in the current study converts CT measurements to the radiographic coronal plane, allowing comparison with postoperative supine radiographs. The authors believe that this method of comparison shows satisfactory correlation between intraoperative robotic system data and postoperative radiographs.
Studies conducted at large centers brought into question whether freehand acetabular component positioning yields satisfactory orientation.
1,2 Multiple methods to improve the accuracy of acetabular component position have been investigated over the past 2 decades.
14-23 With a mechanical device based on CT imaging 22 showed satisfactory accuracy, with errors in inclination of 1.3° (±3.4°) and anteversion of 1.0° (±4.1°). This mechanical device showed better accuracy than a CT-based navigation system, with errors in inclination of 3.5° (±4.2°) and anteversion of 3.0° (±5.8°). Wan et al 12 validated a computer navigation system with postoperative CT scans and noted significant differences in outcomes depending on whether the radiographic or anatomic definition of the anterior pelvic plane was used to measure component position. In the current study, the radiographic definition of the coronal plane was used for the preoperative CT scan and postoperative radiographs. The current study found a difference in inclination of 3.3° (±3.1°) and a difference in anteversion of 2.9° (±2.3°). These findings compare well with errors noted in previous CT-based navigation systems. 22 In the current study, postoperative radiographs consistently showed slightly less anteversion than planned, and this finding is believed to be related to underestimation of anteversion on the anteroposterior pelvic radiograph as a result of beam obliquity. 24 Leg length discrepancy is often cited as a reason for patient dissatisfaction. 4 Licini et al 25 compared computer navigation with nonnavigated THA and noted an average leg length discrepancy of 0.3±0.3 mm in the navigated group compared with 1.8±0.7 mm in the non-navigated group. Nam et al 26 also evaluated leg length discrepancy in 3 groups: anterior, computernavigated posterior, and conventional posterior THA. Their study found no differences between the groups, with average leg length discrepancy of 3.8±3.9 mm, 3.9±2.7 mm, and 3.9±3.0 mm, respectively. The goal of the current study was not to measure leg length discrepancy but to confirm the correlation of data from the robotic navigation system with findings on postoperative imaging. The study evaluated the change in leg length between the robotic system and postoperative radiographs and found a difference between robotic system feedback and postoperative radiographs of 3.0±2.3 mm. In addition, in the current study, few hips had a difference between navigation system data and radiographs of greater than 5 mm. These differences and standard deviations compare well with previous data on leg length discrepancy with navigation.
This study was the first to evaluate the correlation of this robotic system for direct anterior hip arthroplasty. It also included the largest series in the literature on the accuracy of the navigation system used for robotic-assisted THA as evaluated with postoperative radiographs.
Limitations
The current study had several limitations. First, it involved a single surgeon and did not account for intersurgeon variability. Second, the determination of component position was based on postoperative anteroposterior radiographs. Although postoperative CT scans may improve the reliability of measurements, postoperative measurements based on anteroposterior radiographs have shown excellent correlation with CT scans, with the exception of anteversion, and are consistent with measuring the radiographic coronal plane. 24, 27 Third, the current study did not include a control group for comparison; therefore, the robotic system used cannot be compared with other navigation systems or devices. Fourth, the patients in the current study did not receive uniform acetabular or femoral components. However, the robotic navigation system allows for measurements of component position independent of manufacturer.
conclusion
Intraoperative data on component position obtained from the robotic system used during THA compared well with data obtained from postoperative radiographs. Surgeons must remain vigilant to avoid outliers related to robotic system malfunction. Percentages of acetabular components with differences in robotic and radiographic measurements that were within 5 mm, within 10 mm, and more than 10 mm for leg length change and global offset change.
